To determine the band alignment at the GaSb 1-x Bi x /GaSb interface, a set of GaSb 1-x Bi x /GaSb quantum wells (QWs) of various widths (7, 11, and 15 nm) and contents (Bi ≤ 12%) were grown by molecular beam epitaxy and investigated by photoreflectance (PR) spectroscopy. In PR spectra, the optical transitions related to both the ground and the excited states in the QW were clearly observed. It is a direct experimental evidence that the GaSb 1-x Bi x /GaSb QW is a type-I QW with a deep quantum confinement in both the conduction and valence bands. From the comparison of PR data with calculations of energies of QW transitions performed for the varying valence band offset (VBO), the best agreement between experimental data and theoretical calculations has been found for the VBO ∼50 ± 5%. A very similar VBO was obtained from ab initio calculations. These calculations show that the incorporation of Bi atoms into a GaSb host modifies both the conduction and valence band: the conduction-band position changes linearly at a rate of ∼15-16 meV per % Bi and the valence band position changes at a rate of ∼15-16 meV per % Bi. The calculated shifts of valence and conduction bands give the variation of VBO between GaSb 1-x Bi x and GaSb in the range of ∼48%-52%, which is in good agreement with conclusions derived from PR measurements. In addition, it has been found that the electron effective mass reduces linearly with the increase in Bi concentration (x): m is the electron effective mass of GaSb. Moreover, a strong photoluminescence (PL) was observed and a negligible Stokes shift (less than a few meV) between the PL peak and the fundamental transition in the PR spectrum was detected for all QWs at low temperatures. It means that the investigated QWs are very homogeneous, and the carrier localization for this alloy is very weak in contrast to other dilute bismides.
I. INTRODUCTION
In general, three technologies of semiconductor lasers operating in the mid-infrared region are under development: (i) intersubband quantum cascade lasers, 1, 2 (ii) interband cascade lasers, [3] [4] [5] and (iii) conventional type-I GaSb-based quantum well (QW) lasers. [6] [7] [8] [9] In this last type of structures, the active region of GaSb-based lasers is composed of a compressively strained GaInAsSb QW surrounded by appropriate barriers. Unfortunately, for emission wavelengths longer QW emission to longer wavelengths: 10 a strong material gain has been predicted at ∼3.2 μm for 8 nm wide GaSb 1-x Bi x /GaSb QW with 15% Bi. Quite recently, GaSb-based lasers with an active region composed of 15 nm wide GaSb 0.885 Bi 0.115 /GaSb multi-QWs and emitting at 2.71 μm at room temperature have been demonstrated. 11 A further improvement of GaSb-based lasers containing GaSb 1-x Bi x /GaSb QW (i.e., pushing lasing to longer wavelengths and reduction of the threshold current) seems to be very possible, but it needs further optimization of the growth conditions and a better understanding of the electronic band structure of GaSb 1-x Bi x /GaSb QW. It is worth noting that so far the bandgap alignment for GaSb 1-x Bi x /GaSb QW is known only from ab initio calculations, 12,13 and, therefore, experimental studies of the valence band offset for the GaSb 1-x Bi x /GaSb interface are still required. Moreover, GaSbBi alloys have not been explored much, in contrast to GaAsBi alloys, which have been extensively studied in recent years by several groups. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In the case of GaAsBi, it is observed that Bi tends to segregate toward the surface and to form droplets due to its large size in comparison with arsenic. Therefore, the growth of III-V-Bi materials is usually achieved using very-low growth temperatures and a near stoichiometric V/III ratio. Such conditions usually favor the formation of point defects, which are sources of deep levels and nonradiative recombination in this material system. 24 Compared to GaAsBi, the situation in GaSbBi can be different due to the smaller difference between the group V atoms in terms of their electronegativities and sizes. As shown in Ref. 13 , III-V-Bi alloys can be described within the band anticrossing (BAC) model, 25 which works very well for the family of highly mismatched alloys (HMA). [26] [27] [28] Nevertheless, BAC parameters determined for GaSbBi suggest that this alloy is closer to regular III-V alloys (such as GaAsSb or GaInSb) than HMA (such as GaNAs or InPBi). 13 It means that it can be possible to achieve GaSbBi with low alloy inhomogeneities and a low concentration of native point defects, which makes this alloy very interesting to explore experimentally.
Regarding GaSb 1-x Bi x , only a few reports on the growth and properties of this material can be found in the literature. 11, 12, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] This is a completely new material system that has been first studied only a few years ago, 29, 30, 32, 37, 38 and first GaSbBi/GaSb QWs have been grown very recently. 11, 39 Optical absorption and photoreflectance measurements indicate a bandgap reduction of 30-36 meV/% Bi.
12,31,32 Photoluminescence (PL) measurements show emission below the GaSb bandgap, 33, 35 which is very well correlated with the GaSb 1-x Bi x bandgap. In addition, it has been shown that emission from Ga(In)SbBi increases upon the incorporation of indium, 36 which can be an additional argument for the application of this material system in GaSb-based lasers. Recently, the growth of GaSb 1-x Bi x layers with Bi concentration as high as 14% and PL emission up to 3.80 μm at room temperature has been reported. 35 All these observations suggest that GaSb 1-x Bi x is a promising alloy for GaSb-based lasers operating in the mid-infrared region. However, the optical properties of GaSb 1-x Bi x /GaSb QWs have not been explored yet in detail. For laser applications, it is very important to know the bandgap alignment for QWs, but this issue was not explored yet for GaSbBi/GaSb QWs by proper experimental techniques such as photoreflectance (PR). So far, PR was applied to study the band offset in a GaSbBi/AlGaSb QW with very low Bi concentration (0.7%), but results obtained for this QW system cannot be extrapolated to GaSbBi/GaSb QWs dedicated to mid-infrared lasers because of low Bi concentration and AlGaSb barriers. Therefore, it is very desirable to study the band offset in GaSbBi/GaSb QWs with large Bi concentration. Moreover, it is very important to investigate the phenomenon of carrier localization in such QWs since a strong carrier localization is typical of dilute bismides. In general, it is an unwanted feature of materials and quantum wells, which are dedicated to laser applications.
In this paper, we applied PR spectroscopy to study the bandgap alignment in GaSb 1-x Bi x /GaSb QWs. Due to its absorptionlike character and high sensitivity, this technique is able to probe optical transitions between the ground state as well as the excited states in QWs. [40] [41] [42] By comparing energies of QW transitions extracted from PR measurements with those obtained from theoretical predictions for varying valence band offset, it is possible to determine the band alignment at the GaSb 1-x Bi x /GaSb interface. In this work, we apply such an approach to sets of GaSb 1-x Bi x /GaSb QWs of various widths and Bi contents. Conclusions derived from PR measurements are compared with the bandgap alignment calculated within the density functional theory (DFT). Additionally, PR spectra are compared with photoluminescence spectra in order to confirm the type-I character of the studied QWs and show very weak carrier localization at low temperatures in this QW system. The observed features of GaSb 1-x Bi x /GaSb QWs are discussed in the context of their applications in mid-infrared lasers. The remainder of the paper is organized as follows. Experimental details are given in Sec. II. Theoretical approaches are described in Sec. III. Results and their discussion are presented in Sec. IV. The overall conclusions of our work are summarized in Sec. V.
II. EXPERIMENTAL DETAILS
GaSb 1-x Bi x /GaSb QW samples were grown on quarters of two-in. n-type (001)-GaSb wafers by molecular beam epitaxy in a RIBER COMPACT 21 reactor equipped with valved Sb-and As-cracker-cells. The Ga and Sb incorporation rates were determined using reflection high-energy electron diffraction (RHEED) oscillations, and the Bi beam-equivalent-pressure (BEP) was monitored using an ion gauge. The BEPs were monitored using an ion gauge with a precision of ±1 × 10 −9 and ±5 × 10 −9 Torr for the Bi and Sb species, respectively. The substrate temperature (Ts) was monitored by an optical pyrometer and a thermocouple temperature reading (TTR), respectively, for temperatures higher and lower than 380°C. A ∼100 nm thick GaSb buffer layer was grown at Ts = 500°C prior to the GaSb 1-x Bi x /GaSb QW growth. Afterward, Ts was reduced to TTR = 200°C and allowed to stabilize for 5 min before the Ga, Sb, and Bi shutters were simultaneously opened for the growth of the GaSb 1-x Bi x /GaSb QWs. The growth rate was estimated to be 0.3 monolayers s . The V/III flux ratio was close to stoichiometry as required for efficient Bi incorporation. 35 The parameters (temperature, Ga, Sb, and Bi fluxes) allowing the growth of high quality GaSb 1-x Bi x /GaSb QW with smooth interfaces and high crystal quality were determined by growing several series of GaSbBi layers, as described in detail in Ref. 35 . In the studied samples, a smooth surface without Bi droplets or a second phase was observed.
High-resolution X-ray diffraction (HR-XRD) measurements were performed with a PANalytical X'Pert3 MRD equipped with a PIXcel1D linear detector, an X-ray tube delivering the CuKa1 radiation, and a four-bounce asymmetric Ge(220) monochromator in order to determine lattice parameters, crystal quality, and bismuth concentration in all samples. HR-XRD simulated curves were calculated in the framework of the dynamical modeling using Xpert epitaxy© and assuming a GaBi lattice constant of 6.272Å. 31, 35, 43 Transmission electron microscopy (TEM) was applied to study the samples' microstructure and determine the QW width. Cross-sectional TEM specimens were prepared in the [110] and [ 110] projections using mechanical thinning, followed by Ar-ion milling. In order to minimize the sputtering damage, the Ar-ion energy was reduced to 2.0-0.5 keV. The samples were investigated on a JEOL 3010 microscope operating at 300 kV. Figure 1 shows schematically the structure containing GaSb 1-x Bi x /GaSb QWs with the nominal thickness, content, and growth temperature of each layer. In this structure, the varying parameters are the QW width and Bi content. The nominal QW widths and contents are given in Table I together with values determined from HR-XRD measurements and TEM studies of the samples. Representative chemically sensitive g 002 dark-field (DF) TEM images of the investigated samples are shown in Fig. 2 . The average value of the QW thickness, which is a key parameter in our calculations, is determined for each sample and given in Table I together with the error bar. The estimated Bi content and QW width are obtained from the analysis of numerous g 002 DFTEM micrographs. 44 The displayed values are averaged over both [110] and [ 110] zone axes and over the three QWs. The error bars refer to the standard deviation of the data. As observed, the QWs exhibit regular and homogeneous morphologies including smooth interfaces.
A "bright configuration" experimental setup was used to measure the PR spectra. 45 A single grating 0.3 m focal-length monochromator and a thermoelectrically-cooled PbS "pin" photodiode were used to disperse and detect the reflected light from the samples. A 150 W tungsten-halogen bulb with the long pass filter cutting at 1.4 μm was used as the probe and a continuous wave laser (532 nm line) as the pump source. The probe and pump beams were focused onto the sample to a diameter of ∼3 mm, and the power of the laser beam was set to be ∼40 mW. The pump beam was modulated by a mechanical chopper at a frequency of 280 Hz. Phase sensitive detection of the PR signal was accomplished using a lock-in amplifier. The same equipment with the modified configuration of lenses was used to measure PL spectra.
III. THEORETICAL APPROACH
In order to determine the bandgap alignment at the GaSb 1-x Bi x /GaSb interface, energies of QW transitions are calculated using an 8-band kp Hamiltonian 10 for different valence band offsets (VBO) between the two materials and compared with experimental values of QW transitions obtained from PR measurements. Subsection III A introduces the VBO definition for unstrained materials and describes the modification in the bandgap alignment due to the strain-related shifts of the conduction and valence bands for this material system. Subsection III B describes details of ab initio calculations of the electronic band structure for GaSb 1-x Bi x and the band offsets for the GaSb 1-x Bi x /GaSb interface. 
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A. Valence band offset definition and kp calculations of quantum well transitions
The valence band offset given in percentages is defined as VBO ¼ ΔEVB (ΔEVBþΔECB) Â 100%, where ΔE VB and ΔE CB are the valence-and conduction-band discontinuities at the heterojunction for unstrained materials, as shown in Fig. 3 . For laser applications, the most interesting values are the bandgap discontinuities with the strain corrections, shown in Fig. 3 as ΔE HH VB and ΔE * CB . Since the bandgap discontinuities are changing with the built-in strain, which can be controlled via virtual substrate, etc., it is needed to determine the VBO and to know how ΔE HH VB and ΔE * CB vary with the built-in strain.
In our calculations, the influence of strain on the electronic band structure is taken into account according to the Pikus-Bir Hamiltonian. 46 As shown in Fig. 3 , the hydrostatic component of the strain, δE hy ¼ δE hy CB þ δE hy VB , shifts both the valence and conduction bands. The shear component, δE S , removes the valence band degeneracy, giving separate heavy-hole band (E HH ) and light-hole band (E LH ). The spin-orbit split-off band is not shown in this sketch but is included in our Hamiltonian. In the QW region, the energy of CB and VB can be expressed in terms of the unstrained value as
where δE hy CB ¼ 2a C (1 À c 12 =c 11 )ε and δE hy VB ¼ 2a V (1 À c 12 =c 11 )ε describe the influence of the hydrostatic strain component on the band structure, c 11 and c 12 are elastic constants, and a C and a V are the hydrostatic deformation potentials for conduction and valence bands, respectively. The shear component is given by the following formula: δE S ¼ b(1 þ 2c 12 =c 11 )ε, where b is the axial deformation potential. The in-plane strain (ε) is defined by the lattice parameters of GaSb 1-x Bi x (a GaSbBi ) and GaSb (a GaSb ):
The material parameters for GaSb 1-x Bi x are obtained from linear interpolation between the parameters of its parent binary components according to Eq. (2),
where Q i ¼ c i 11 , etc. (i = GaSb and GaBi). The parameters of the binary compounds 43, 47 used in the calculations are listed in Table II . For material parameters, which are unknown for GaBi, we adopt GaSb parameters.
The 8-band kp Hamiltonian used to calculate the electronic band structure and determine energies of QW transitions is given in Ref. 10 . In order to obtain agreement between experiment and calculations for the fundamental transition, which depends very weakly on the VBO, two parameters are very crucial: the bandgap and the electron effective mass of GaSbBi. Since the bandgap for bulk GaSbBi has already been established, 12,32 the number of free parameters is reduced to the electron effective mass, which can be determined by the analysis of the fundamental transition. In order to determine the VBO, the analysis of optical transitions related to excited states is crucial since their energies and presence in PR spectra strongly depend on the VBO. Therefore, a better accuracy of the VBO and the electron effective mass determination can be achieved when optical transitions between excited states are observed in PR spectra and compared with theoretical calculations performed with varying the VBO and the electron effective mass. In this case, it is also interesting to analyze the energy difference between the fundamental transition and the optical transition between excited states as it is shown in Sec. IV.
B. Ab initio DFT calculations of GaSbBi bulk material
The DFT based ab initio calculations 48 have been performed with the use of the full-potential linearized augmented plane wave (LAPW) WIEN2k code. 49 A 54 atom supercell (a 3 × 3 × 3 multiplication of a primitive 2 atom unit cell) has been used to simulate the alloy, while the Bi atom distribution within the supercell has been obtained by generating special quasirandom structures (SQS). 50 A correlation to 4, 3, and 2 nearest neighbors has been taken into account for pairs, triplets, and quadruplets, respectively. A k-mesh of 2 × 2 × 2 51 has been chosen for the supercell, and an RK max ¼ 8 with muffin-tin radii of 2.3, 2.49, and 2.5 for Ga, As, and Bi, respectively, has been used. These values have been chosen as a result of a careful convergence study. The geometry optimization has been performed with the generalized gradient approximation WuCohen (GGA-WC) functional. 52 The electronic band structure has been obtained afterwards with the use of the modified BeckeJohnson (MBJLDA) functional, 53 which has been proven numerous times to provide an accurate description of the bandgap of semiconductors, in particular, for those with a narrow gap, such as GaSbBi studied in this paper. 13, 54, 55 This approach resulted in a bandgap of 0.81 eV at 0 K for pure GaSb, which, due to the excellent agreement with the experimental value of 0.812 eV, 47 provided a solid starting point for the study of the bismuth alloy. The fullpotential approach allowed us to get insight into the band offsets between different alloy compositions by aligning the band structures to a common deep energy 1 s state of the Ga atoms, which despite the Sb-Bi alloying should stay approximately unchanged. The effective mass of electrons and holes has been calculated as a derivative of the energy with respect to the wavevector, with a three-point formula at k → 0. Figure 4 shows PR and PL spectra for GaSb 1-x Bi x /GaSb QW samples with various widths and Bi concentrations measured at 10 K. For all samples, the strongest PR signal is observed at an energy of ∼0.80 eV. This signal is associated with photon absorption in GaSb layers (cap, QW barriers, and buffer). The shape of this signal changes from sample to sample due to various contributions from particular GaSb layers, which is typical for such structures and is not further analyzed in this work. The PR features observed at energies lower than the GaSb signal are associated with the optical transitions in GaSb 1-x Bi x /GaSb QWs. For one sample, a Fabry-Perot (FP) oscillation is quite strong, see Fig. 4(a) , but despite this fact the PR resonance associated with the fundamental transition in the QW is clearly observed. For remaining samples, the fundamental transition is easy to identify since it is the PR resonance with the lowest energy and this resonance correlates very well with the PL peak. In all samples, the fundamental transition takes place between the heavyhole subband and conduction subband due to the compressive strain present in the QW. It is worth noticing that strong carrier localization is often observed for dilute bismides. 16, 18, 56, 57 This phenomenon is typical of highly mismatched alloys and is associated with alloy inhomogeneities and other imperfections like point defects, etc. 58, 59 For the samples studied in this paper, the Stokes shift (i.e., the difference between absorption and emission) is negligible at 10 K and an excitation density of ∼100 W/cm 2 . It means that the studied QWs are homogeneous. This issue will be discussed in detail elsewhere together with the temperature dependence of PL and PR spectra since it is a very important feature of this QW system from the viewpoint of its optical quality and the nonradiative recombination, i.e., properties, which are very important for QWs utilized in semiconductor lasers. In this work, we focus on the energies of the QW transitions observed in PR spectra, which are related to both the fundamental and excited states, since their analysis allow us to determine the bandgap alignment in the studied QW samples. PR resonances observed in the spectral range between the QW fundamental transition and the GaSb signal are associated with the QW transitions between excited states. The low-field electromodulation Lorentzian lineshape functional form 60 was used to fit PR resonances and extract energies of QW transitions. The formula for the fitting is given by Eq. (3),
IV. RESULTS AND DISCUSSION
where ΔR R (E) is the energy dependence of the PR signal, n is the number of spectral functions to be fitted, E is the photon energy of the probe beam, E j is the energy of the optical transition, and Γ j , C j , and θ j are the broadening, amplitude, and phase angle, respectively. Since an excitonic absorption is expected at 10 K, the term m j , which refers to the type of optical transitions, is assumed to be 2. 27, 60 The fitting curves are shown by gray lines in Fig. 4 together with the modulus of the individual resonance obtained according to Eq. (4),
with parameters taken from the fit. The notation nmH(L) in Fig. 4 denotes the transition between the nth heavy-hole (light-hole) valence subband and the mth conduction subband. The identification of PR resonances was possible via a series of calculations and proper plots as shown in this section. The resonance at the lowest energy is attributed to the 11H transition, which is the fundamental transition for all GaSb 1-x Bi x / GaSb QW samples. Moreover, an 11L transition (i.e., the fundamental transition for light holes) is expected in PR spectra for these samples. Such transition is clearly resolved in the PR spectra of the samples with larger Bi concentrations; see bottom panels in Fig. 4 . For samples with lower Bi concentration (top panels in Fig. 4) , the 11L transition overlaps with the 11H transition but for two samples (11 and 15 nm width QWs), this transition can also be resolved in PR spectra. In addition to the fundamental transition (11H and 11L transition), a 22H (22L) transition [i.e., transition between the second heavy-hole (light-hole) subband and the second electron subband] is observed for wider QWs with higher Bi concentrations; see bottom panels in Figs. 4(b) and 4(c) . For the sample with 15 nm wide GaSb 0.88 Bi 0.12 /GaSb QW, even the 33H transition is observed in the PR spectrum. In this case, the 33H transition overlaps with the 22L transition, but this is not an issue for the VBO analysis in this sample since other transitions are well separated. It is worth underlining here that the observation of optical transitions related to excited states is a clear experimental evidence that these QWs are of type-I with a deep quantum confinement in both the conduction and the valence band. It is worth noting that in this set of growth of QWs, a laser structure was grown as well and a lasing from this structure was reported in Ref. 11 . It is an extra evidence that GaSbBi/ GaSb QWs are type-I, but for a comprehensive study of band alignment, a set of QWs of different widths and contents is needed instead of a single laser structure.
In order to correlate the experimental data with the theory and determine the value of VBO for this material system, the following procedure was utilized: the QW transition energies were calculated as functions of the VBO using 8-band kp Hamiltonian, which includes strain effects according to details described in Sec. III. These energies were then compared with those extracted from the PR spectra as shown in Fig. 5 . Using this method, the optimal match between theory and the PR data can be determined by comparing the experimental data with calculated energies. In this case, the best agreement between calculations and experimental data for 10.4 and 14.4 nm wide GaSb 1-x Bi x /GaSb QW is observed at the VBO of ∼45% and ∼50%, respectively, and these values of VBO are marked by vertical gray arrows in this figure. This approach is very accurate if the optical transitions related to the QW excited states are observed in PR spectra and are determined with good accuracy, i.e., they do not overlap. In the absence of optical transitions between excited states, this approach can be applied as well, but its accuracy is smaller since the fundamental transition varies very weakly with the VBO; see the variation of 11H transition in Fig. 5 .
For the QWs analyzed in Fig. 5 , the best correlation between the PR data and the theoretical calculations is observed for the VBO ∼45%-50%. From a laser device perspective, the most interesting values are the bandgap discontinuities with the strain corrections and the quantum confinement potential together with the electron and hole levels. They have been plotted in Fig. 6 . The same procedure for correlating the PR data with the theoretical predictions has been applied to the remaining GaSb 1-x Bi x /GaSb QWs. For all samples, a good agreement between the PR data and the calculations has been observed for a very similar VBO value. Figure 7 shows energies of QW transitions calculated for GaSb 1-x Bi x /GaSb QWs of different widths (7, 11 , and 15 nm) and various Bi concentrations together with energies of QW transitions extracted from PR measurements. Taking into account the QW width and content inaccuracies, it is clearly visible that the agreement between PR data and the 8-band kp calculations with the VBO = 50% are very satisfactory.
All these results are also summarized in Fig. 8 . Thick solid lines in Fig. 8 show DFT calculations of the conduction and valence band positions in GaSbBi in an absolute scale where zero is set at the GaSb valence band. Open squares show the conduction and valence band positions in GaSbBi obtained from PR measurements and analysis. As seen in this figure, the agreement between experiment and theory is very good, and we can assume that the VBO for the GaSb 1-x Bi x /GaSb interface in this range of Bi concentration equals ∼50%. In addition, positions of the conduction band and heavy-and light-hole valence band in compressively strained GaSbBi on GaSb are plotted by thin lines in Fig. 8 . As should be expected, the strain-related shifts of conduction and hole bands increase with the increase in Bi concentration, but the quantum confinement for electrons and holes remains large. The energy gap between the strained conduction and the heavy-hole band narrows very significantly quite quickly reaching the mid-infrared spectral range with increasing Bi content; see the energy gap for Bi > 11%.
In our kp calculations, the electron effective mass is properly corrected in order to obtain matching between the experimental data and the calculations for the fundamental transition and the excited state transitions. This can be done by comparison of the energy difference between the 22H and 11H transition as shown in Fig. 9 . In order to match experimental data with 8-band kp calculations with two free parameters (the VBO and the electron effective mass), a few iterations are needed. However, it is relatively straightforward to identify the reasonable range of VBO and the electron effective mass for a given QW. For QWs, for which optical transitions between excited states are not observed, the electron effective mass is assumed arbitrary and the VBO is determined. Next, the procedure is repeated with the fixed VBO and varying electron effective mass. In this way, a reasonable range of the VBO and the electron effective mass is identified. On the other hand, conclusions on the electron effective mass evolution in GaSb 1-x Bi x with the increase in Bi concentration can be extracted from DFT calculations.
The electron effective mass in the Γ point extracted from our DFT calculations is plotted in Fig. 10 together with values of the electron effective mass determined from PR studies combined with kp calculations (open square points). The low value of the electron effective mass at the Γ point is already typical for pure GaSb, which is consistent with the literature, and this value decreases monotonously and almost linearly with the increase in Bi concentration, which is expected due to the narrowing of the bandgap. This dependence has been fitted by the linear dependence m is the electron effective mass in GaSb. It has been also recognized that the effective mass of holes changes with Bi concentration, but this effect is weaker than the Bi-related change in the electron effective mass and, therefore, is neglected in our analysis. Figure 11 shows the electronic band structure evolution for GaSb 1-x Bi x with various Bi concentrations obtained from DFT calculations. Supercells with atom distribution obtained according to SQS and corresponding to compositions analyzed in Fig. 11 are shown in Fig. 12 .
For a solid starting point of this study, the band structure of pure GaSb is calculated and plotted in Fig. 11(a) . The values of the gaps of GaSb (E gΓ ¼ 0:81 eV, E gL ¼ 0:89 eV, Δ SO ¼ 0:63 eV) are in perfect agreement with experimental results. 47 This provides a convincing argument that the full-potential LAPW approach together with the MBJLDA functional should give a very reliable band structure of the alloy system. For GaSb 1-x Bi x with x = 0.037, 0.074, and 0.11, the unfolded band structures are shown in Figs. 11(b)-11(d) , respectively. Unfolded band structures allow one to plot them in the full Brillouin zone as well as recover the band curvature and shape within the primitive zinc-blende Brillouin zone. As can be clearly seen from the band structure plots, both the valence-and conduction-band edges preserve the Bloch character quite well, and no really pronounced changes in the alloy (indicated by a disorder in the band structure) are visible. The conduction band, however, exhibits somewhat lower spectral weights, which may be indicative of a presence of slightly more localized states. This should be treated as an innate property of this alloy and can lead to deterioration of optical properties of the material. However, in comparison with other dilute bismides, the observed localization is rather very small. In order to illustrate this difference between GaSbBi and other dilute bismides, unfolded band structures for GaSbBi and GaAsBi are compared in Fig. 13 for the same, 11% Bi concentration. The figure also shows the inherently distinct character of the GaSbBi alloy: GaAsBi as well as all other III-V-Bi alloys (except for InSbBi) exhibit the bismuth induced changes mostly in the valence band, which is indicated by a disorder in the band structure. In GaSbBi, on the other hand, the band structure does not change significantly, and the small changes that are present mostly influence the conduction band. This means that from the point of view of homogeneity of alloys, GaSbBi is more similar to regular alloys, such as GaInAs or GaAsSb, than HMA such as GaAsBi or GaNAs.
V. SUMMARY
Optical transitions in 7, 11, and 15 nm wide GaSb 1-x Bi x /GaSb QWs with x ≤ 12% were studied experimentally by PR and PL spectroscopy and analyzed theoretically within the 8-band kp Hamiltonian as well as within DFT based calculations. The ground state transition for heavy and light holes (11H and 11L transition) and the excited state transitions, such as 22H, 22L, and 33H, have been clearly observed in PR spectra. This observation constitutes an experimental evidence that these QWs are of type-I with a deep quantum confinement potential for both electrons and holes. The negligible Stokes shift between the PL peak and the 11H transition observed in the PR spectrum means that the investigated QWs are homogeneous, and the carrier localization for this alloy is weak in contrast to other dilute bismides. This conclusion is confirmed by the analysis of spectral weights in the electronic band structure calculated from first principles for two alloys: GaSb 1-x Bi x and GaAs 1-x Bi x . In order to determine the bandgap alignment in the GaSb 1-x Bi x /GaSb system, the experimental QW transition energies were compared with theoretical predictions where the VBO was varied to obtain a match between kp calculations and measured data. From this comparison, it was concluded that the VBO for the unstrained GaSb 1-x Bi x /GaSb interface is ∼45%-50%. A very similar value of VBO was obtained from ab initio calculations. These calculations show that the incorporation of Bi atoms into a GaSb host modifies both the CB and the VB. The variation rates are very similar for CB (∼15-16 meV per % Bi) and for VB (∼15-16 meV per % Bi), which, in consequence, leads to a reduction rate of the bandgap of ∼30-32 meV per % Bi. It gives the ∼48%-52% VBO between GaSb 1-x Bi x and GaSb, which is in good agreement with our conclusions obtained from PR measurements.
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